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Background: Nilotinib, an approved drug for leukemia, has been investigated in HCC.
Results: Nilotinib induced autophagy in HCC cell lines, including PLC5, Huh-7, and Hep3B.
Conclusion: Nilotinib-induced AMPK activation and subsequent autophagy is a major mode of action of nilotinib in HCC.
Significance: Elucidating the mechanisms by which nilotinib works on HCC is fundamental to develop the new treatment for
HCC.

Hepatocellular carcinoma (HCC) is the most common liver
cancer and the third-leading cause of cancer death worldwide.
Nilotinib is an orally available receptor tyrosine kinase inhibitor
approved for chronic myelogenous leukemia. This study inves-
tigated the effect of nilotinib on HCC. Nilotinib did not induce
cellular apoptosis. Instead, staining with acridine orange and
microtubule-associated protein 1 light chain 3 revealed that
nilotinib induced autophagy in a dose- and time-dependent
manner in HCC cell lines, including PLC5, Huh-7, and Hep3B.
Moreover, nilotinib up-regulated the phosphryaltion of AMP-
activated kinase (AMPK) and protein phosphatase PP2A inacti-
vation were detected after nilotinib treatment. Up-regulating
PP2A activity suppressed nilotinib-induced AMPK phosphory-
lation and autophagy, suggesting that PP2Amediates the effect
of nilotinib onAMPKphosphorylation and autophagy.Our data
indicate that nilotinib-inducedAMPK activation ismediated by
PP2A, and AMPK activation and subsequent autophagy might
be a major mechanism of action of nilotinib. Growth of PLC5
tumor xenografts in BALB/c nude mice was inhibited by daily
oral treatment with nilotinib. Western blot analysis showed
both increased phospho-AMPK expression and decreased
PP2A activity in vivo. Together, our results reveal that nilotinib
induces autophagy, but not apoptosis in HCC, and that the
autophagy-inducing activity is associated with PP2A-regulated
AMPK phosphorylation.

Hepatocellular carcinoma (HCC)2 is the fifth most common
cancer and the third leading cause of cancer death worldwide

(1). Advanced or recurrent HCC is frequently resistant to con-
ventional chemotherapeutic agents and radiation, and thus
remains one of themost difficult cancers to treat (2). Sorafenib,
a multi-targeted receptor tyrosine kinase (RTK) inhibitor that
targets the Raf kinases and other kinases such as VEGFR1–3,
PDGFR-�, FLT-3, and c-kit (1, 3–4) has shown survival bene-
fits in patients with advancedHCC andwas approved for use in
HCC by the United States Food and Drug Administration in
2007 (5–7). However, sorafenib only provides a modest effect,
prolonging survival in patients with HCC from a median 7.9 to
10.7 months. Therefore, more effective new drugs are still
urgently needed for HCC.
Autophagy, also known as type II programmed cell death

(PCD), refers to an evolutionarily conserved catabolic process
in which a cell degrades long-lived proteins and damaged
organelles including the endoplasmic reticulum, Golgi appara-
tus, andmitochondria. In contrast with apoptosis, autophagy is
dependent on the presence of autophagosomes and autolyso-
somes, as well as an intact nucleus in the cell (8). Many reports
have demonstrated that autophagy is not only a survival
response to either growth factor or nutrient deprivation but
also an important molecular mechanism for tumor cell suicide
(9). Recent studies have revealed that autophagy has an active
role in cell death and is a response to various anticancer thera-
pies inmany kinds of cancer cells (6). Certain forms of cell death
have also been shown to be prevented in the presence of either
autophagy inhibitors or reduced expression of the ATG genes,
which regulate autophagy (10–11). In HCC, autophagic cell
death was found to be a major contributor to drug-induced
antiprolioferation (12–13) of tumor cells. A previous study also
proved that the celecoxib derivative, OSU-03012, could induce
reactive oxygen species-related autophagy to inhibit HCC
tumor growth (14–15).
Nilotinib is a second generation tyrosine kinase inhibitor

(TKI) that functions via ATP-competitive inhibition. In the
treatment of drug-resistant chronic myeloid leukemia (CML),
nilotinib possesses an in vitroBcr-Abl binding potency 30 times
higher than imatinib in imatinib-resistant cells and a 5–7 times
higher potency in imatinib-sensitive leukemic cells (8). In addi-
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tion to Bcr-Abl inactivation, nilotinib also inhibits kinases
including KIT, DDR, MAPK, ZAK, and PDGFR with less
potency (6). Its broad spectrum of kinase-suppression activity
makes nilotinib further applicable to the treatment of other
types of cancers such as gastrointestinal stromal tumors
(GIST), breast cancer, and melanoma. Nilotinib was demon-
strated to have significant clinical activity in imatinib- and
sunitinib-resistant GIST (10–11). Nilotinib also exerted anti-
proliferative effects in an estrogen-deprived breast cancer cell
line MCF-7 (15). Metastatic melanoma cells expressing c-Abl/
Arg kinase activity are also susceptible to nilotinib-mediated
cell growth inhibition (13). In this study, we explored whether
nilotinib exerts any antitumor activity against HCC. Our data
show that nilotinib is an impressive killer of HCC cells. Surpris-
ingly, this cell death was mediated by activation of autophagy,
rather than apoptosis. We validated nilotinib induction of
autophagic cell death through deactivating phosphatase PP2A
and subsequently increasingAMPKphosphorylation. The anti-
tumor activity exerted by nilotinib-mediated autophagy was
further confirmed in an in vivo nude mouse model. In light of
the identification of the PP2A-AMPK axis as a novel target of
nilotinib-induced autophagy, further studies are warranted to
assess nilotinib as an anti-HCC treatment.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Nilotinib (Tasigna) was kindly
provided byNovartis Pharmaceuticals (Basel, Switzerland). For
in vitro studies, nilotinib at various concentrations was dis-
solved inDMSOand then added to cells inDulbecco’smodified
Eagle’s medium (DMEM) containing 5% fetal bovine serum
(FBS). The final DMSO concentration was 0.1% after addition
tomedium.Okadaic acid (OA), forskolin, and 3-methyladenine
(3-MA) were purchased from Cayman Chemical (Ann Arbor,
MI). Hydroxychloroquine (HCQ) was from Sigma-Aldrich
(Seelze, Germany). Antibodies for immunoblotting as anti-
LC3, -P-Akt (Ser473), -4EBP1, -P-4EBP1, -P-mTOR, -mTOR,
-P-S6K, -S6K, anti-S6, -P-S6, -ATG3, -ATG5, -ATG7, and -Be-
clin 1 were from Cell Signaling (Danvers, MA).
Cell Culture and Western Blot Analysis—The PLC5 and

Hep3B cell lines were obtained from American Type Culture
Collection (Manassas, VA). The Huh-7 HCC cell line was
obtained from the Health Science Research Resources Bank
(Osaka, Japan; JCRB0403). Cells were maintained in DMEM
supplemented with 10% FBS, 100 units/ml, penicillin G, 100
�g/ml streptomycin sulfate, and 25 �g/ml amphotericin B in a
37 °C humidified incubator in an atmosphere of 5% CO2 in air.
Western blot analysis was performed as previously reported
(16).
Flow Cytometry for Apoptosis Analysis—Apoptotic cells

(sub-G1) were analyzed by flow cytometry as described previ-
ously (16).
Autophagy Analysis—Drug-induced autophagy was assessed

by several assays including: 1) Western blot analysis of micro-
tubule-associated protein 1 light chain 3 (LC3-II); 2) immuno-
fluorescence of LC3-II. Briefly, cells were seeded in a 6-cm dish.
After beingwashedwithPBS, cellswere treatedwith nilotinib at
10 �M for 24 h, and fixed with ice-cold 4% paraformaldehyde.
The fixed cells were subsequently incubated with the primary

antibody rabbit anti-LC3II (1:200, #3868, Cell Signaling Tech-
nology, Danvers, MA), in blocking solution (1% bovine serum
albumin inTBST) for 1 h at room temperature and then stained
with anti-rabbit IgG (H�L), F(ab�)2 Fragment (Alexa Fluor 488
Conjugate, #4412, Cell Signaling) and DAPI. Cells were exam-
ined under a Leica DM2500 fluorescence microscope.
HCC Cells with Constitutively Active PP2A-C—PP2A-C

cDNA was purchased from Origene (RC219918; Rockville,
MD). Briefly, following transfection, cells were incubated in the
presence of G418 (0.78 mg/ml). After 8 weeks of selection, sur-
viving colonies, i.e. those arising from stably transfected cells
were selected and individually amplified. HCC cells with stable
expression of CIP2A-myc were then treated with drugs, har-
vested, and processed for Western blot analysis (16).
PP2A Phosphatase Activity—The protein phosphatase activ-

ity in total cellular lysate was determined by measuring the
generation of free phosphate from threonine phosphopeptide
using the malachite green-phosphate complex assay as
described by the manufacturer (Upstate Biotechnology, Lake
Placid, NY). Cell lysates were prepared in a low-detergent lysis
buffer (1% Nonidet P-40, 10 mM HEPES, 150 mM NaCl, 10%
glycerol, 1 mM PMSF, 5 mM benzamidine, and 10 g/ml leupep-
tin). The phosphatase assay was performed in a PP2A-specific
reaction buffer (Upstate) containing 750 �M phosphopeptide
substrate. After 10min of incubation at 30 °C, themalachite dye
was added, and free phosphate wasmeasured by optical density
at 650 nm. To avoid variability due to differences in the
amounts of immunoprecipitated protein between samples, the
phosphatase activities were normalized to the amount of PP2A
immunoprecipitated, as detected and quantified by immuno-
blot analysis for each treatment group (17).
Co-immunoprecipitation Assay—Cells were harvested and

lysed on ice for 30 min in lysis buffer (50 mM Tris-HCl, pH 7.4,
100mMNaCl, 0.5%Nonidet P-40, 50mMNaF, 1mMNa3VO4, 5
mM sodium pyrophosphate, and a protease inhibitor tablet).
The cell lysates were centrifuged at 14,000 � g for 15 min, and
the supernatants were recovered. Supernatants containing
equal amounts of proteins were incubated with 2.5 mg of pri-
mary antibodies overnight at 4 °C. The immunoprecipitates
were harvested using protein G PLUS-agarose beads (Santa
Cruz Biotechnology) that were washed once with regular wash-
ing buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, and
0.5%Nonidet P-40), twice with high salt washing buffer (50mM

Tris-HCl, 500 mMNaCl, 1 mM EDTA, and 0.5% Nonidet P-40),
and another timewith regular washing buffer. Immunoprecipi-
tates were then eluted by boiling the beads for 5 min in SDS/
PAGE sample buffer and characterized by Western blotting
with appropriate antibodies (17).
Xenograft Tumor Growth—Male NCr athymic nude mice

(5–7weeks of age) were obtained from theNational Laboratory
Animal Center (Taipei, Taiwan). The mice were housed in
groups and maintained under standard laboratory conditions
on a 12-h light-dark cycle. They were given access to sterilized
food and water ad libitum. All experimental procedures using
these mice were performed in accordance with protocols
approved by the Institutional Laboratory Animal Care and Use
Committee of National Taiwan University. Each mouse was
inoculated s.c. in the dorsal flank with 1 � 106 PLC5 or Huh-7
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cells suspended in 0.1ml of serum-freemediumcontaining 50%
Matrigel (BD Biosciences, Bedford, MA). When tumors
reached 50–100 mm3, mice of PLC5 received nilotinib (10
mg/kg/day or 20 mg/kg/day) orally for the duration of treat-
ment. Mice of Huh-7 were divided randomly into four groups
and subjected to vehicle, HCQ (50 mg/kg/day, intraperitone-
ally), nilotinib (10 mg/kg/day, orally), or the combination of
nilotinib (10 mg/kg/day) and HCQ (50 mg/kg/day) for the
duration of treatment. Controls received vehicle (16).
Statistical Analysis—Tumor growth data points are reported

as mean tumor volume � S.E. Comparisons of mean values
were performed using the independent samples t test in SPSS
for Windows 11.5 software (SPSS, Inc., Chicago, IL).

RESULTS

Nilotinib-induced Cell Death Does Not Occur via Apoptosis—
To investigate the effects of nilotinib on HCC cells, we first
examined the apoptotic effects of the drug on a panel of three
human HCC cell lines: Huh-7, Hep3B, and PLC5. We found
that, although nilotinib treatment significantly reduced cell via-
bility in all tested cell lines in a dose-dependent manner (Fig.
1A), the apoptotic pathway analyzed by Western blot did not
seem to be activated. Our data indicate that nilotinib could not
activate caspase-8, -9, and -3. Cleavage of PARP was also not
observed in any of the cell lines treated with different doses of
nilotinib (Fig. 1B). In addition, we analyzed nilotinib-induced
apoptosis by flow cytometry and found that nilotinib did not
induce significant apoptosis in our HCC cells. Notably,
sorafenib, the only approved drug in HCC, induced significant
apoptosis (Fig. 1C).
Nilotinib InducesAutophagy inHCCCells—Autophagy is the

process of sequestrating cytoplasmic proteins into lytic com-
partments and is characterized by the formation of the
autophagosome, a double membrane structure that sequesters
the target organelle/protein and then fuses with endo/lyso-
somes where the contents and its major component, LC3, are
degraded (18–19).We therefore investigated whether nilotinib
could elicit autophagy inHCCcells byWestern blot analysis. As
shown in Fig. 2A, significantly increased expression of lipidized
LC3 (LC3-II) was observed in nilotinib-treated HCC cell lines
in a time-dependent manner. Next, another distinct marker of
autophagy, AVO induction (20), was examined by staining with
vital acridine orange. Similarly, the result showed that nilotinib
promoted the accumulation of AVOs in the cytoplasm of
Hep3B cells (Fig. 2B). Previous studies have proven that
3-methyladenine (3-MA), an inhibitor of phopshatidylinositol
3-kinase, can inhibit autophagy (20). Therefore, we next used
3-MA to investigate nilotinib-induced autophagy in HCC cells.
As shown in Fig. 2C (top), nilotinib-induced cleavage of LC3
was attenuated by treatment with 1 mM 3-MA. hydroxychloro-
quine (HCQ) also inhibits autophagy by raising lysosomal pH
leading to inhibition of both the fusion of the autophagosome
with the lysosome, and lysosomal protein degradation. Preven-
tion of autophagy by co-treatment with HCQ further proved
that autophagy could be triggered by nilotinib (Fig. 2C, bottom).
Furthermore, autophagy-related proteins includingATG3, 5, 7,
12, Beclin-1, and P62 showed constant expression levels in all
tested HCC cell lines treated with nilotinib (Fig. 2D). Taken

together, the data presented here indicate that nilotinib induces
autophagy in HCC cells.
Nilotinib-induced Autophagy Relies on the AMPK Signaling

Pathway—Wenext validated the target pathway by which nilo-
tinib signals autophagy in HCC cells. Upstream regulation of
autophagy occurs via different signaling pathways, including
AMP-activated protein kinase (AMPK), which is a heterotrim-
eric complex consisting of a catalytic �-subunit and regula-
tory �- and �-subunits (21). AMPK is activated by various
conditions of stress that are known to induce autophagy. In
starved cells, the LKB1/STAND/Mo25-complex phosphory-
lates AMPK� at Thr-172 and thus activates AMPK (22–23);
while in non-starved cells, AMPK can also be phosphorylated
via activation of Ca2�/calmodulin-dependent kinase kinase-�
(CaMKK-�) (24). The AMPK subunits or activators were
therefore examined to define their roles in HCC cells treated
with nilotinib. As can be seen in Fig. 3, A and B, phosphory-
lation of AMPK� at Thr172, instead of the �- or �-subunits,
was increased upon nilotinib treatment in both a dose- and
time-dependent manner. No significantly altered expression
of either the LKB1/STAND/Mo25-complex or CaMKK were
detected in nilotinib-treated HCC cells (Fig. 3A), which
implies AMPK activity might be triggered by other upstream
molecules. In addition, increased AMPK activity upon nilo-
tinib treatment was further proven by analysis of the phos-
phorylation of the AMPK substrate acetyl-CoA carboxylase
(ACC) in this set-up (Fig. 3B left). Notably, nilotinib also
increased phospho-ULK1 in a time-dependent manner (Fig.
3B, right).
The importance of AMPK activation in nilotinib-induced

autophagy was next validated. Co-treatment with nilotinib and
AICAR, an adenosine analog known to activate AMPK (25),
was found to simultaneously increase phosphorylation of
AMPK� and LC3 cleavage elicited by nilotinib (Fig. 3C, upper).
Moreover, when AMPK was silenced by siRNA, a reduction
in LC3 processing demonstrated that nilotinib-mediated
autophagy was inhibited (Fig. 3C, left bottom). Notably, silenc-
ing AMPK by siRNA also reduced the effect of nilotinib on cell
viability significantly (Fig. 3C, right bottom). Collectively, these
results suggest that nilotinib signals autophagy in HCC cells via
activation of AMPK. Moreover, analysis of the downstream
regulators involved in nilotinib-induced autophagy revealed no
obvious changes in the expression of mTOR, S6K, S6, 4EBP1,
DAPK, or Bcl-2 (Fig. 3D). Moreover, silencing ATG5 by siRNA
reduced the effect of nilotinib on autophagy and abolished the
effect of nilotinib on cell death significantly (Fig. 3E). Notably,
co-treatment of nilotinib and metformin, a known AMPK acti-
vator, enhanced the effect of nilotinib on autophagy and cell
death (Fig. 3F).
PP2A Mediates the Effect of Nilotinib on AMPK Activation

and Autophagy—Protein phosphatase PP2A is an essential ser-
ine/threonine phosphatase ubiquitously expressed in eukary-
otic cells that is known to mediate AMPK inhibition to induce
heat shock proteins under stress (26). PP2A exists as a hetero-
trimeric enzyme composed of a 36-kDa catalytic subunit or C
subunit, a 64-kDa scaffolding A subunit, and multiple regula-
tory B subunits that are thought to influence enzyme activity,
substrate specificity, and subcellular localization (17). To fur-
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ther dissect themechanism of AMPKphosphorylation induced
by nilotinib, we inspected the effect of PP2A. Treatment of
HCC cells with PP2A activator forskolin, or overexpression of
PP2A reduced nilotinib-mediated phosphorylation of AMPK
and autophagy (Fig. 4, A and C). In contrast, co-treatment with
okadaic acid (OA), a PP2A inhibitor, or knockdown of PP2A-C

enhanced the effect of nilotinib on P-AMPK and autophagy
(Fig. 4, B andD). In addition, silencing LKB1 by siRNA reduced
the effect of nilotinib on AMPK activation, autophagy and cell
viability (Fig. 4E). These results suggest that PP2Amight medi-
ate the effect of nilotinib on the phosphorylation of AMPK and
autophagy.

FIGURE 1. Nilotinib reduced cell viability in HCC but did not induce apoptosis. A, dose-dependent effects of nilotinib on cell viability. HCC cells were treated
with nilotinib at the indicated concentrations for 72 h. Cell viability was measured by MTT assay. Points, mean; bars, S.D. (n � 8). B and C, effects of nilotinib on
apoptosis. B, cells were exposed to nilotinib at the indicated concentrations for 48 h. Cell lysates were assayed by Western blot to detect the activation of
caspases and PARP cleavage. C, apoptotic cells (sub-G1) were analyzed by flow cytometry after cells were exposed to nilotinib at the indicated concentrations
or sorafenib at 20 �M for 24 h.
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Nilotinib Reduces the Activity of PP2A—Next, we investi-
gated the effect of nilotinib on PP2A. As shown in Fig. 5A, the
expression of the PP2A subunits, including PP2A-C, phosphor-
ylated PP2A-C at tyrosine 307, PP2A-A and PP2A-B56�, were
not changed significantly after the treatment of nilotinib in
three HCC cell lines. In addition to phosphorylation, the activ-
ity of PP2Amay also be regulated by themethylation of PP2A-C
(27). As shown in Fig. 5B nilotinib did not affect themethylated
PP2A-C (M-PP2A-C), demethylated PP2A-C (dM-PP2A-C),
and PP2A methyltransferase (PME) in HCC cells, indicating
that nilotinib did affect the activity of PP2A by targeting the
methylation of PP2A-C. As prolyl isomerase PIN1 is known a
regulator of PP2A (28), we tested the role of PIN1 in nilotinib-
treated cells and found that the phosphorylated PIN1 and total
PIN1 were not affect by nilotinib (Fig. 5B). We next examined
other cellular regulators of PP2A including cancerous inhibitor
of PP2A (CIP2A) and SET (17). Nilotinib did not alter the
expression of CIP2A and SET in our cells (Fig. 5B). Next, we
examined whether nilotinib affect the activity of PP2A. Inter-
estingly, we found that nilotinib reduced the activity of PP2A
significantly in both Hep3B and PLC5 cells (Fig. 5C). To inves-

tigate whether nilotinib down-regulated the activity by direct
interactions, we first immunoprecipated HCC cells by PP2A-C
then treated the cells with nilotinib at 10 nM or 100 nM or oka-
daic acid at 10 nM for 24 h before measure the activity of PP2A.
As shown in Fig. 5D, nilotinib reduced the activity of PP2A-C in
a dose-dependent manner in PP2A-C containing cell lysates,
suggesting that nilotinib, like okadaic acid, might inhibit the
activity of PP2A through direct interactions. At present, it is
still unclear that the interaction between nilotinib and PP2A is
direct or indirect. Further biochemical experiments are needed
to elucidate the interactions between nilotinib and PP2A.
Effect of Nilotinib on PLC5 Xenograft Tumor Growth in Vivo—

To investigate whether nilotinib-induced autophagy in HCC
cell lines has potentially clinically relevant implications, we
assessed the in vivo effect of nilotinib on the growth of HCC
xenograft tumors. Tumor-bearing mice were treated with
vehicle or nilotinib p.o. at doses of 10 or 20 mg/kg/day daily.
All animals tolerated the treatments well without observable
signs of toxicity and had stable body weights throughout the
course of study. No gross pathologic abnormalities were
noted at necropsy. Tumor growth was significantly sup-

FIGURE 2. Nilotinib induces autophagy in HCC. A, top, dose-dependent effects of nilotinib-induced autophagy. HCC cells were treated with nilotinib at the
indicated concentrations for 24 h. Bottom, time-dependent effects of nilotinib-induced autophagy. Cells were treated with nilotinib at the indicated concen-
trations for 16 or 24 h. Cell lysates were prepared for immunoblotting of microtubule-associated protein 1 light chain 3 (LC3). B, LC3-II immunofluorescence and
acridine orange stain. Hep3B cells were treated with nilotinib at 10 �M for 24 h. C, top, co-treatment with autophagy inhibitor 3-MA reduced nilotinib-induced
autophagy. Cells were treated with nilotinib (10 �M) and/or 3-MA (1 mM) for 24 h. Bottom, co-treatment with HCQ reduced nilotinib-induced autophagy. Cells
were treated with nilotinib (10 �M) and/or HCQ (10 �M) for 24 h. D, dose-dependent analysis of autophagy-related proteins. Cells were exposed to nilotinib at
the indicated concentrations for 24 h.
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pressed by treatment with 10 or 20 mg/kg/day nilotinib (ver-
sus control, p � 0.01 at day 25) (Fig. 6A). As shown in Fig. 6B,
treating PLC5 tumors with nilotinib up-regulated both
P-AMPK and LC3 processing. In addition, nilotinib also
decreased PP2A activity significantly (Fig. 6C), indicating
that PP2A plays a role in mediating the antitumor effects of
nilotinib in the xenograft tumor.

Inhibition of Autophagy Reduced the Anti-tumor Effect of
Nilotinib inVitro and inVivo—Toprove that nilotinib-induced
autophagy was responsible for nilotinib-induced cell death in
HCC, we examined the effect of nilotinib in combination with
autophagy inhibitors. As shown in Fig. 7A, co-treatment of
autophagy inhibitors (3-MA or HCQ) reduced the effect of
nilotinib on cell viability significantly in three tested HCC cells.

FIGURE 3. AMPK mediated nilotinib-induced autophagy. A, target validation of CIP2A-Akt-4EBP1. A, dose-dependent analysis of AMPK-related
molecules in HCC cells. Cells were exposed to nilotinib at the indicated concentrations for 24 h. B, time-dependent analysis of P-AMPK�, AMPK�, P-ACC,
ACC, P-ULK1, and ULK1 in HCC cells. Cells were exposed to nilotinib at the indicated concentrations for 24 h. C, validation of AMPK� mediation of
nilotinib-induced autophagy. Top, co-treatment with AICAR, an activator of AMPK, increased nilotinib-induced autophagy. Cells were treated with
nilotinib (10 �M) and/or AICAR (1 mM) for 24 h. Bottom, silencing AMPK� by siRNA reduced nilotinib-induced autophagy and cell death. Huh-7cells were
transfected with control or AMPK� siRNA for 48 h then treated with nilotinib (10 �M) for 24 h. Cell viability was measured by MTT assay. D, dose-de-
pendent analysis of other autophagy-related molecules. Cells were exposed to nilotinib at the indicated concentrations for 24 h. E, silencing Atg 5 by
siRNA reduced nilotinib-induced autophagy and cell death. Huh-7 cells were transfected with siRNA for 48 h then treated with nilotinib (10 �M) for 24 h.
Cell viability was measured by MTT assay. F, adding metformin increased nilotinib-induced autophagy and cell death. Cells were exposed to nilotinib at
10 �M or at the indicated concentrations and/or metformin at 10 mM for 24 h.
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Next, our in vivo data showed that adding HCQ, an autophagy
inhibitor, reduced the effect of nilotinib on tumor growth and
autophagy in Huh-7 tumors (Fig. 7, B and C). These data sug-
gest that inhibition of autophagy reduced the effect of nilotinib
on HCC in vitro and in vivo. Together, our data suggest that
nilotinib exhibits good anti-cancer activity in vivo via AMPK
activation regulated by PP2A. Further clinical investigation is
warranted.

DISCUSSION

This study showed that treatment with nilotinib, a multiple
kinase inhibitor formally approved as a therapy for CML,
induces autophagy, but not apoptosis, in human HCC tumors.
As previous studies only demonstrated that nilotinib induces
cytotoxicity via apoptosis (29–30), we first showed that nilo-
tinib triggers autophagic cell death in Huh-7, Hep3B, and
PLC5 cells. Our data also revealed that PP2A-mediated
AMPK phosphorylation contributed to nilotinib-induced
autophagy. Nilotonib suppressed PP2A activity and subse-

quently increased P-AMPK expression by direct interaction
with PP2A. The xenograft tumor model further showed that
nilotinib inhibited PLC5 tumor growth. These findings suggest
that the cytotoxic effect of nilotinib in vivo occurs, at least in
part, through autophagy.
Our results indicate that nilotinib can induce autophagic cell

death and suppress xenograft HCC tumor growth through
AMPKactivation.Nilotinib is a novel TKI that is 30-timesmore
potent than its previous-generation compound, imatinib,
against, wild-type Bcr-Abl kinase, while maintaining activity
against KIT and PDGFR (30). In Bcr-Abl-positive CML cells,
nilotinib increased cytosolic calcium concentrations resulting
from bothmembrane influx and ER release, which resulted in a
change in mitochondrial membrane permeability leading to
apoptosis (31). KIT/PDGFRoverexpression is often observed in
GIST, and treatment with nilotinib provided better progres-
sion-free survival (PFS) and overall survival (OS) in patients
with advanced or metastatic GIST (11). In human breast can-
cer, deprivation of estrogen resulted in overexpression of

FIGURE 4. PP2A mediates nilotinib-induced activation of AMPK. A, left, co-treatment with forskolin, a PP2A agonist, reverses the effect of nilotinib on
P-AMPK� and autophagy. Right, immunoblots were scanned using a UVP BioSpectrum AC image system and quantitated using VisionWork LS software to
determine the ratio of the level of LC3-II to actin. B, co-treatment with okadaic acid, a PP2A inhibitor, enhanced the effect of nilotinib on P-AMPK� and
autophagy. C, ectopic expression of AMPK� abolishes effects of nilotinib on autophagy in Huh-7 cells. Cells were transfected with AMPK�-myc and were
selected for 8 weeks by G-418. Analysis of autophagy was performed by Western blot (WB) after cells were sequentially exposed to DMSO or nilotinib (10 �M)
for 24 h. D, knockdown of PP2A-C enhanced nilotinib-induced autophagy. PLC5 cells were transfected with control or AMPK� siRNA for 48 h and then treated
with nilotinib (10 �M) for 24 h. E, silencing LKB1 by siRNA reduced nilotinib-induced autophagy. Huh-7 cells were transfected with control or LKB1 siRNA for 48 h
then treated with nilotinib (10 �M) for 24 h. Cell viability was measured by MTT assay.
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FIGURE 5. Nilotinib reduced the activity of PP2A. A, dose-dependent effects of nilotinib on P-PP2A-C, PP2A-C, PP2A-A, and PP2A-B56�. B, dose-dependent
effects of nilotinib on PP2A-related proteins. C, treatment of nilotinib reduced the activity of PP2A. D, effects of nilotinib on PP2A activity in PP2A-C-containing
lysates. Hep3B cells were immunoprecipitated with anti-PP2A-C then incubated with drugs for 24 h. Columns, mean; bars, S.D. (n � 3). *, p � 0.05.

FIGURE 6. In vivo effect of nilotinib on PLC5 xeonograft nude mice. A, tumor growth curves of PLC5. Points, mean (n � 6); bars, S.E. *, p � 0.05; **, p � 0.01.
B, Western blot analysis of P-AMPK, AMPK, and LC-3 in PLC5 tumors. C, analysis of PP2A activity. Columns, mean; bars, S.D. (n � 6). *, p � 0.05 versus vehicle
group.
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PDGFR/Abl pathway-related proteins which became the target
of nilotinib in turn inhibiting the growth of estrogen-deprived
breast cancer cells and increasing the phosphorylation of AKT
and ERK (15). Numerous pathways have been found to be
deregulated in human HCC, including growth factors (e.g. epi-
dermal growth factor (EGF), insulin-like growth factor (IGF),
and hepatocyte growth factor (HGF)), cytoplasmic intermedi-
ates (e.g.AKT/MTOR and RAS/MAPK), angiogenesis [e.g. vas-
cular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), and PDGF], and differentiation cascades (WNT/
s-catenin, Hedgehog, Notch) (32). As a multiple kinase inhibi-
tor, we found nilotinib also exerts an antiproliferative effect on
HCC cells. Although the exact targets of nilotinib in HCC cells
remain elusive, our data revealed that the PP2A-AMPK signal-
ing axis may play important role in nilotinib-mediated
autophagic cell death.
Different studies have reported contrasting roles for AMPK

activation in autophagy. Activation of AMPK by addition of the

cell-permeable nucleotide analog AICA riboside (AICAR) to
hepatocytes was reported to strongly inhibit autophagy (33).
Another report also showed that increased AMPK phospho-
rylation suppressed autophagy and caused intracellular
accumulation of ubiquitinated proteins within neurons (34).
By contrast, in yeast and various mammalian cells, AMPK
activation has been shown to stimulate autophagy (35–36).
The results of this study suggest that nilotinib-induced cyto-
toxicity in HCC cells via AMPK-activation triggered
autophagy, thus agreeing with the latter set of reports. HCC
cells treated with nilotinib showed increased LC3 cleavage in
the presence of AMPK activator (AICAR) and decreased LC3
cleavage when AMPK expression was silenced, clearly vali-
dating AMPK as a major trigger of autophagy in HCC. This
finding was further demonstrated in the in vivo xenograft
PLC5 tumors, which were significantly reduced in size when
treated with nilotinib and also showed a concomitant increase in
P-AMPK and LC3 processing. Together, these results show that

FIGURE 7. Inhibition of autophagy reduced the anti-tumor effect of nilotinib in vitro and in vivo. A, co-treatment with autophagy inhibitors, 3-methylad-
enine (3-MA, 1 mM) or hydroxychloroquine (HCQ, 10 �M), reduced the effect of nilotinib on cell death. Cells were treated with nilotinib at10 �M and/or
3-MA/HCQ for 24 h. Cell viability was analyzed by MTT assay. B, combination of nilotinib and HCQ reduced the effect of nilotinib on Huh-7 tumors. Points, mean
(n � 6); bars, S.E. *, p � 0.05; **, p � 0.01. (nilotinib group versus nilotinib plus HCQ group). C, Western blot analysis of P-AMPK, AMPK, and LC-3 in Huh-7 tumors.
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nilotinib induces autophagy and autophagic cell death by activa-
tion of AMPK.
Next, we showed that nilotinib-mediatedAMPKactivation is

through PP2A inhibition, rather than being regulated by the
canonical LKB1/STAND/Mo-25-complex or CAMKK path-
ways. It has been reported that PP2A regulates the interaction
between the AMPK� and � subunits (37), and dephosphory-
lates AMPK� in a cell-free system (38). Recently, AMPK inhi-
bition induced by glucose, palmitate, or ethanol was also found
to bemediated by PP2A activation (39–41). One previous find-
ing also revealed that PP2A mediates AMPK inhibition to up-
regulate heat shock protein (HSP) 70 expression during stress
(26). Exploration of the AMPK-downstream signaling cascades
revealed that nilotinib-mediated AMPK activation to induce
autophagy is via an mTOR-independent pathway. The serine/
theroine kinase mammalian target of rapamycin (mTOR) is a
major negative regulator of autophagy (42), and AMPK serves
as one of the main mTOR regulators. Activation of AMPK
inhibits mTOR phosphorylation and elicits autophagy. How-
ever, recent studies have documented the existence of mTOR-
indepenent autophagy (43). For example, a decrease in intracel-
lular inositol or inositol 1,4,5-triphosphate (IP3) levels by
lithium is known to induce autophagy in neurobalstoma cells
(44).
The correlation between autophagy and tumorigenesis has

been explored extensively, butwhether autophagy acts as a pro-
tumorigenic or antitumor player in tumor development and
cancer therapy is still unclear. Recently, it has been suggested
that cancer cells have evolved to require autophagy under basal
conditions, implying cell-autonomous roles for autophagy in
tumor maintenance. For example, autophagy has been demon-
strated to be required for continued cell growth in pancreatic
cancers (45). Inhibition of autophagy also results in metabolic
turbulence, reduced oxidative phosphorylation and decreased
ATP production (46). In contrast, accumulating evidence
shows that suppression of the proteins involved in autophagy
such as Beclin-1 and Atg-5 may cause acceleration of tumori-
genesis. Deletion of one copy of an autophagy-related gene (47),
or reduced expression level of such genes has been found in
certain types of cancer cells (48). Our present data show that
nilotinib induces autophagy which contributes to cytotoxicity,
rather than drug-resistance inHCC cells. This finding indicates
that autophagy plays a tumor-suppressive role in liver cancer
cells treated with nilotinib. Furthermore, as we observed no
significant changes in autophagy-related proteins such as Atg-
5,-7, or Beclin-1, we speculate that nilotinib induces an uncon-
ventional type autophagy. Atg-5/Atg-7-independent alterna-
tive autophagy has been discovered in several embryonic
tissues revealing that autophagy can occur through at least two
different pathways (49). Further investigation into the specific
pathway(s) involved in nilotinib-mediated autophagy inHCC is
warranted.
In conclusion, our data show that nilotinib effectively inhib-

its HCC growth in vitro and in vivo through autophagy induc-
tion that is mediated by the PP2A-AMPK signaling pathway.
This study suggests nilotinib-induced cytotoxicity occurs
through a novel mechanism, and supports its clinical potential
as a component of therapeutic strategies for HCC.
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